To assess whether calmodulin (CaM) could have a role in the behavioral sensitization induced by repeated intermittent amphetamine. CaM content was determined in several brain areas from rats repeatedly administered saline or amphetamine. Rats were treated with amphetamine using an escalating dose paradigm and withdrawn for either 4 weeks (withdrawn group) or 30 min (non-withdrawn group). CaM content was measured in cytosol and 100,000 x g membrane fractions from striatum, limbic forebrain. medial prefrontal cortex. hippocampus and cerebellum. In the withdrawn group, CaM was significantly increased in both striatal membranes and cytosol and in the mesolimbic membranes from amphetamine-treated rats. There were no changes in CaM in the medial prefrontal cortex, hippocampus or cerebellum. In the non-withdrawn group, there was no significant change in CaM in striatal or mesolimbic fractions but CaM was significantly decreased in cytosol of the medial prefrontal cortex and hippocampus as compared to saline controls. This decrease could be related to the tolerance that has developed to the amphetamine after the repeated treatments. In the withdrawn group, challenge with a low dose of amphetamine (I mg/kg) elicited a translocation of CaM from membranes to cytosol in the striatum and limbic forebrain of rats repeatedly treated with amphetamine, but not in saline-treated rats. Our findings that the change in CaM occurs in striatum and limbic forebrain, requires time after treatment to develop and exhibits persistence after withdrawal correlate with known characteristics of behavioral sensitization to amphetamine. These results suggest that CaM could contribute to neurochemical events underlying behavioral sensitization to amphetamine.
INTRODUCTION
Repeated use of amphetamine (AMPH) in humans can lead to a psychotic state that clinically resembles paranoid schizophrenia4*'.". AMPH-induced psychosis disappears upon withdrawal from the drug or after treatment with dopamine (DA) receptor blocking drugs. Addicts will retain increased sensitivity to the drug for years after withdrawal from the drug3s. Behavioral sensitization after repeated intermittent AMPH can be demonstrated in animals. The behavioral sensitization in animals is characterized by a more rapid onset of stereotyped behavior and more intense stereotyped movements than in controls and a marked increase in AMPH-induced rotational behavior (for review, see ref. 33 ). The behavioral effects develop with time after withdrawal from repeated intermittent AMPH treatment and will persist for up to a year'*. Thus AMPH-induced behavioral sensitization in animals may be due to long-term neural adaptations in areas of brain responsible for the psychomotor or psychotogenic effects of AMPH. Considerable evidence suggests that AMPH-induced stereotyped behavior and AMPH-induced locomotor behavior are considered due to increased DA release in the caudate putamen and nucleus accumbens, respectively3.17*26. Similarly, the activation of DA systems is necessary for the development of sensitization. Administration of DA receptor antagonists, particularly DA D , receptor antagonists, with AMPH blocks the development of behavioral sensitization',22+4'1. Several studies have demonstrated that behavioral sensitization to AMPH is accompanied by an enhanced ability of DA to be released by stimuli, e.g. AMPH, Kf or electrical stimulation",34,41. The increased releasability of DA displays many of the characteristics of behavioral sensitization such as persistence and development upon withdrawa13'."'.
We have investigated changes in the endogenous Ca*+-binding protein, calmodulin (CaM), in rat striatum following repeated treatment with AMPH. CaM modulates the effect of Ca*+ on cyclic nucleotide metabolism and protein phosphorylation-dephosphorylation, and alters calcium transport and cytoskeletal interactions24.
Calmodulin is particularly enriched in synaptic fractions of the brain 1° and is involved in synthesis and release of transmitters 6'23'24. Pharmacological treatments that regulate dopaminergic activity result in changes in CaM in subcellular fractions of striatum s'13.
In previous studies we found that CaM is increased in rat striatum upon withdrawal from repeated treatment with AMPH 31'37. In addition, we found that a challenge with a low dose of AMPH will elicit a translocation of CaM from membranes to cytosol in striatum from rats that were repeatedly treated with AMPH but not saline 37. This translocation did not occur in rats not sensitized to AMPH. The involvement of CaM in so many neural functions suggests that it could play a role in AMPH-induced behavioral sensitization. To further explore a role for CaM in behavioral sensitization, we measured CaM in membrane and cytosol fractions of several rat brain areas after repeated intermittent AMPH. These studies were conducted in one group of rats that were withdrawn 4 weeks from the repeated AMPH treatment and in another group that was not withdrawn following AMPH treatment. We found that CaM was selectively increased in striatum and mesolimbic areas after withdrawal from repeated AMPH. On the other hand, CaM either showed no change or was decreased in several brain areas in the non-withdrawn AMPH group as compared to controls.
MATERIALS AND METHODS

Chronic treatment paradigm
Female Spragne-Dawley derived rats, 150-200 g (Holtzman Co. Inc., Madison, WI) were used in all experiments. Rats were divided into two groups; half was injected i.p. with saline (SAL) and the other half with escalating doses of AMPH. Animals were housed in groups of 6 and injections were given twice a day for 5 days with 10--12 h separating the two injections; this was followed by two drug-free days. This schedule was repeated for 4 weeks. The rats received a total of 40 injections (20 injection days) accordin~ to the following schedule: injection days 1-3 (1.0 mg/k~); 4-5 (2 mg/kg); 6--7 (3 mg/kg); 8-9 (4 mg/kg); 10-11 (5 mg/kg); 12-14 (6 mg/kg); 15-17 (7 mg/kg); 18-20 (8 mg/kg). This escalating dose regimen was S'Lmilar to that of Robinson and Camp 3s. The control group received an equivalent number of SAL injections. For one experiment, rats were sacrificed 30 rain after the last injection on the 20th injection day. This was the non-withdrawn group. The withdrawn group was saoificed 28 days after the last injection. In the withdrawn group, rats received an i.p. challenge injection of either 0.9% SAL or 1.0 mg/kg AMPH 30 rain before sacrifice such that 4 groups were formed with 5 rats in each group: SAL-SAL (SS), SAL-AMPH (SA), AMPH-SAL (AS) and AMPH-AMPH (AA). The 4-week treatment with AMPH did not significantly alter the growth rate of the rats. Throughout the study the average weight of the AMPH-trcated rats was not signitieantly different from the average weight of the SAL control groups.
All animals were sacrificed on the same day and the brain areas were dissected on ice, weighed and the tissue frozen in liquid N 2. Brain areas were dissected using a brain cutting block as described by Heffner et ai. 16 . The mesolimbic area (or lirnbie forebrain) contains both nucleus accumbens and olfactory tubercle. Medial prefrontal cortex was dissected, which was shown to have the highest concentration of DA TM. Tissue was stored for no longer than 2 weeks until assayed for CaM. 
Measurement of CaM content
Tissue was prepared for measurement of CaM by homogenization in 40 mM Tris, pH 7.4 at 4 *(2, containing 0.32 M sucrose and 3 mM MgCI 2. Particulate (membrane) and eytosolic fractions were prepared by centrifugation at 100,000 g for 60 min. The particulate fraction was resuspended in 40 mM Tris and solubilized with 1% Lubrol PX. Homogenate fractions were also treated with 1% Lubrol PX. Samples were frozen in liquid N 2 and stored at -70 °C until CaM levels were measured using a radioimmunoassay (RIA) (New England Nuclear, Boston, MA). Samples were heated for 6 min before further dilution into RIA buffer and assay. The antigenicity of CaM increased with time of sample heating so that the time of heating was carefully controlled. In some assays, the CaM antiserum used was that developed in sheep by Dr. Michael Welsh ag. Results were comparable with those of the NEN radioimmunoassay kit. Samples from SAL-and AMPH-treated rats within any group were always analyzed simultaneously to avoid interassay variability. Statistical significance was determined by one way analysis of variance (ANOVA) with posttest Bonferroni t-test analysis calculated using GraphPad Instat and by a two-tail Students t-test.
Materials
AMPH was purchased from The University of Michigan Laboratory of Animal Medicine. Calmodulin was purified from bovine testes by the method of Dedman et al. 5 . Donkey anti-sheep IgG, rabbit serum, rice starch, polyethylene glycol 8000, Tween 20, Triton X-100, bovine serum albumin and Lubrol PX were purchased from Sigma Chemical Co. (St. Louis, MO).
RESULTS
CaM content in brain areas after 4 weeks of withdrawal from repeated intermittent AMPH
In these experiments, we investigatd both a change in CaM content elicited by repeated AMPH treatment and
TABLE I
CaM concentration in rat striatum and limbic forebrain after repeated amphetamine treatment: 4 week withdrawal Female Sprague-Dawley rats were treated with escalating doses of AMPH and given a challenge with 1.0 mg/kg AMPH as described in Roseboom et al. 37 . Statistical differences were determined by ANOVA using the program GraphPad. Striatum: n = 5; Cytosol, P < 0.001 as determined by ANOVA, * AS is significantly different from SS and AA at P < 0.05. Membranes: P < 0.03 as significantly determined by ANOVA, * AS is different from AA at P < 0.05. Limbic forebrain: n = 10; Cytosol, P < 0.02 as determined by ANOVA, * AA is significantly different from SA at P < 0.05. Membranes, P < 0.0002 as determined ~ by ANOVA, + AS is significantly different from SS, SA and AA at P < 0.01. (Table I ) and in total CaM (Fig. 1A) . In striata from both SAL-and AMPH-treated groups, there was a nearly equal distribution of CaM in membranes and cytosol (Fig. 1A) . CaM as shown in Table II . No change in the content or distribution of the CaM occurred with AMPH challenge in the SAL-treated animals.
Brain area Treatment group
A significant increase in CaM was evident in the membrane fraction of the mesolimbic area (nucleus accumbens + olfactory tubercle) after repeated AMPH treatment ( Fig. 1B ; Table I * P < 0.007 as determined by ANOVA, value for AA is significantly less than value for AS, SS or SA at P < 0.05. ** P < 0.001 as determined by ANOVA, value for AA is significantly less than value for AA, SS or SA.
the AMPH-AMPH group was significantly less than that of the AMPH-SAL group (Table II) . The challenge dose of AMPH had no effect on mesolimbic CaM content or distribution in the SAL-treated group. No significant changes in CaM were evident in either membrane or cytosol fractions in medial prefrontal cortex, hippocampus or cerebellum after repeated AMPH treatment (Fig. 1C-E ). There-was no change in CaM when the data were expressed as concentration in ng//zg protein (data not shown). In addition, challenge with 1 mg/kg AMPH did not change the subcellular distribution of CaM in either repeated saline-or AMPH-treated rats in these areas (Fig. 1C-E) . In all brain areas, CaM was
TABLE III
CaM content in rat brain areas after repeated amphetamine treatment: no withdrawal
Female Sprague-Dawley rats were treated with escalating doses of AMPH or SAL as a control as described in the legend to Table I. Animals were sacrificed 30 min after the last injection so that they were not withdrawn from the drug. Statistical differences were determined by a two-tail Student's t-test, n = 5. 6 -+ 0.7** 9.4 -+ 0.5 *P < 0.05 as compared to corresponding value for SAL-treated rats; **P < 0.01 as compared to corresponding value for SALtreated rats.
Brain area
9 nearly equally distributed between membrane and cytosol fractions except in the cerebellum. In cerebellum, approximately 70% of the total CaM was located in the cytosol.
CaM content in various brain areas of rats not withdrawn from AMPH treatment
To determine whether the increase in CaM found in striatum and limbic forebrain developed during treatment with AMPH or required time after treatment, a group of rats was treated with the escalating doses of AMPH but sacrificed 30 min after the last injection. The results are shown in Table III . In contrast to the results from the withdrawn group, no increase in CaM in either membrane or cytosol fractions was detected in striatum after repeated AMPH treatment in the non-withdrawn group. In fact, there was a slight decrease in CaM in the striatal fractions from the AMPH-treated rats but it was not statistically significant. Similarly, there were no significant changes in CaM in the cytosol or membrane fract.ions in the mesollmbic area.
Significant decreases in CaM in the cytosol were found in the medial prefrontal cortex and the hippocampus from AMPH-treated rats as compared to controls. Decreases in CaM in the cytosol were not accounted for by increases in the membrane fractions.
DISCUSSION
In non-human animals, behavioral sensitization to AMPH is manifested as an increase in psychomotor stimulant effects of AMPH for long periods of time following drug treatment 33. Behavioral sensitization in rats has several well-documented characteristics which include: (1) development with time after a single injection, (2) long-lasting effects, (3) requirement for intermittent but not continuous administration of AMPH and (4) increased degree of sensitization with time after withdrawa132'33. Further, male rats show less robust sensitization than females. Therefore, in order for a neurochemical effect to be causally related to behavioral sen-... sitization, it should demonstrate similar characteristics. An enhancement of releasability of DA has been demonstrated after repeated AMPH treatment and the effect correlates with the characteristics given above 32'33. Enhanced release of DA has been demonstrated in striatum 19"33'34"41 and nucleus accumbens 18'2°'36 after repeated AMPH treatment. The increase in DA release can be demonstrated using AMPH, K + or electrical stimulation 2.
Previous studies with agents that alter dopaminergic sensitivity such as antipsychotic drugs, 6-hydroxydopamine and stimulant drugs, have suggested a relationship between CaM content or localization and dopaminergic activity in rat striatumx. We have previously reported that repeated AMPH treatment elicited an increase in CaM in rat striatum",37. The increase was evident after a 5-day treatment with 3 mg/kg AMPH with lo-day withdrawal"' or a 4-week treatment with escalating doses of AMPH"' as used in this study. We chose the escalating dose paradigm in our study because this treatment re- In addition, this type of regimen is most likely to be followed by humans taking the drug.
In this study we found that CaM was increased in subcellular fractions in both striatum and limbic forebrain after 4 weeks of withdrawal from an escalating dose regimen. A change in both areas would be expected if the increase in CaM were related to sensitization since both locomotor activity and stereotyped behaviors induced by AMPH are enhanced after repeated AMPH treatment. These behaviors are considered to be due to release of DA in the nucleus accumbens and caudate nucleus, respectively3.17*26. It is unclear whether dopaminergic systems in other brain areas such as frontal cortex or hippocampus are altered by the repeated AMPH treatment or play a significant role in the sensitization process. Robinson et al. 34 found an enhancement in prefrontal cortex DA utilization in ovariectomized female rats that had been treated repeatedly with AMPH. There was no change in CaM in any of the fractions in the frontal cortex, hippocampus or cerebellum. Therefore, the principal change in CaM content after withdrawal from escalating doses of AMPH was found in areas of rat brain that are primarily involved in the behavioral sensitization.
Increases in CaM in rat striatum after chronic AMPH treatment have also been reported by Popov et al. 30 and Popov and Matthies2'. These investigators found increases in CaM after repeated AMPH were reflected in either cytosol or membrane fraction of striatum depending upon the dose. They reported an increase in CaM in hippocampus but not nucleus accumbens after a 21-day treatment with 5 mg/kg AMPH. The differences in our results could be due to the fact that (1) they used male rats, whereas we used female, and (2) their measurements were made after only two days of withdrawal or (3) a different treatment regimen was used. In this study, no significant increase in CaM was observed in the striatum or mesolimbic areas in AMPHtreated rats that were not withdrawn from the drug. Following the escalating dose regimen, sensitized responses to locomotor or stereotyped behavior do not develop until two weeks after completion of the escalating dose regimen2x. Interestingly, we found a significant decrease in CaM in the cytosol fractions from frontal cortex and hippocampus after repeated AMPH treatment and a trend toward a decrease in striatal fractions. Immediately after withdrawal from the escalating dose paradigm, rats show tolerance to the psychomotor effects of AMPH. The decrease in CaM could likely be related to the tolerance that has developed to the drugs. Since AMPH was in the rat brains at time of sacrifice, the decrease could be due to an acute effect of the AMPH. In preliminary studies we found no change in CaM content in striatum 30 min after acute doses of AMPH up to 8 mg/kg (Gnegy, unpublished studies). The reduction of CaM after repeated AMPH seems not to involve a translocation of CaM since a corresponding increase in another fraction was not found. We have found that the CaM antibody obtained both from Dr. Welsh and from the RIA kit will measure CaM bound to other proteins. Therefore a reduction in detection of CaM due to increased binding of CaM to CaM-binding proteins cannot account for the results. It is possible that AMPH treatment could alter the turnover of CaM in brains areas.
We demonstrated previously that a challenge with a lower dose of AMPH would alter the localization of CaM in striatum from rats treated with escalating doses of AMPH37. A low dose of AMPH, 1 mg/kg, had no effect on CaM lozalization in striatum from SAL-treated rats, but did elicit a membrane-to-cytosol translocation of CaM in AMPH-treated rats. Higher doses of AMPH, however, have been found to cause a membrane-to-cytosol translocation of CaM in control, non-AMPHtreated rats'", although Popov The function of the increase in CaM after withdrawal from repeated AMPH is not known but the level of involvement of CaM in many areas of synaptic function suggest that it could play a role in either the increased release of DA or heightened postsynaptic responses, or both. CaM has been shown to have a role in increasing neurotransmitter release 6'23 in particular through phosphorylation of synapsin 1 by CaM-dependent protein kinase I123"27. Our laboratory has demonstrated that CaM can increase the sensitivity and response of striatal adenylyl cyclase to DA by a potentiative interaction with Gs 11'14'15. We found a small yet significant increase in DA-stimulated adenylyl cyclase activity 4 weeks after withdrawal from treatment with escalating doses of AMPH 37 . In summary, changes in CaM content in rat brain after an escalating dose regimen of AMPH show some correlation with characteristics of behavioral sensitization which develop after this treatment. The increase in CaM was found in striatum and limbic forebrain, areas involved in AMPH-induced stereotyped and locomotor behaviors, respectively. Heightened stimulus-induced DA release has been measured in these areas 32 in AMPH-sensitized rats. The increase in CaM is long-lasting, i.e., it is evident 4 weeks after ceasing the AMPH treatments and develops with time after withdrawal from the drug. In rats not withdrawn from AMPH, CaM levels either did not change from controls or were decreased. Therefore changes in CaM could contribute to the neurochemical changes underlying sensitized behaviors evident after repeated AMPH treatment.
